Abstract. This study examines the projections of hydroclimatic regimes and extremes over Andean basins in central Chile by the end of the century, larger that the projected precipitation decreases (up to 30%). Center timing of runoff shifts to earlier dates, 3-5 weeks by the end of the century. The Andes snowpack is projected to be less than half of the reference period by mid-century. The projected hydroclimatic regime is also expected to increase the severity and frequency of extreme events.
(TRMM 3B42RT) (Huffman and Coauthors, 2007) for the period 1948-2008 . Precipitation gauges were used to correct the inaccuracies in the representation of orographic precipitation distribution. Demaria et al. (2013a) reports that the adjusted daily gridded precipitation dataset realistically represents precipitation distribution in the region and can be successfully used for hydrologic simulations of climate change. For temperature, they used a temperature lapse rate of -6. description of the development of the gridded dataset can be found in the same paper and in Sheffield et al. (2006) . In addition to the gridded observations-based dataset, we use rain-gauge and runoff data from the Chilean National Weather Service (Dirección Meteorológia de Chile) and Chilean Water Agency (Dirección General de Aguas (DGA), see Fig. 1 and Fig. 2 for distributions of the runoff and precipitation data, respectively). A quality control and gap-filling procedures were applied to monthly station data (see Boisier et al. (2016) ).
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Climate change scenarios for daily precipitation, maximum and minimum temperatures were obtained from the CMIP5 (Taylor et al., 2012) . Historical (1960 Historical ( -2005 and RCP8.5 runs (the highest emission scenario (Moss and Coauthors, 2010) ) from 26 GCMs (see Table S1 ) were adjusted and used to force the VIC model (see section 2.4).
Methodology
The use of a large ensemble of climate simulations has the advantage of providing a more robust information and an uncertainty 15 range for the chosen emission scenario. However, because of the coarse spatial resolution of the GCMs, we downscale the climate variables first. This step is particularly relevant in CC because of its complex topography. Hence, daily precipitation was downscaled to the 0.25 o degree by using the statistical bias correction technique based on Piani et al. (2010) . This method imposes the observed statistical intensity distribution onto the modeled climate variables. We did not assume that both the observations and simulated precipitation follow a gamma distribution, but we simply found the empirical relationship. As a 20 first step each model was interpolated onto the 0.25 o degree grid used in the observations-based dataset. Then, at each grid point an empirical transfer function is constructed by fitting the curve of the sorted observed versus sorted modeled daily distribution of precipitation. Figure 3 shows the mean annual precipitation derived from the observation-based dataset (Fig. 3a) , from CMIP5 models ( Fig. 3b ) and the result from the bias correction (Fig. 3c ). Both the mean and the spatial pattern of precipitation at 25 0.25 o grids are captured with the bias correction. The CMIP5 model mean climatology captures to some degree the north to south precipitation gradient, but completely misses the important east-west gradient, and therefore greatly underestimates the precipitation over the Andes. Fig. 3d shows the result of this method for the whole region. With this method, the main biases in the modeled precipitation are corrected, such as the underestimation of dry days and extreme rainfall, overestimation of drizzle and biases in the mean. We tested the procedure by obtaining the transfer function for the 1960-1980 period (calibration period),
30
corrected with the transfer function the 1986-2005 (validation period) and compared those to observations. Satisfactory results of the validation procedure are apparent in all the aspects of the above-mentioned modeled precipitation. The same transfer functions were then used to bias correct the precipitation over the 21 st century.
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For temperature we used a different approach. Because we have to correct both maximum and minimum temperatures, the transfer function implemented for precipitation cannot be used, because there is no way that the condition of having the minimum temperature lower that the maximum temperature can be enforced. For each grid point and month the climatological mean of the observations and the CMIP5 ensemble mean is calculated, and models are corrected by this factor. Therefore we are only correcting the mean, but not any other aspect of the distribution. 
Hydrologic model description and setup
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We employed VIC model, a spatially distributed and process-based hydrologic model (Liang et al., 1994) , to assess the hydrological impacts of projected climate change in the four study basins. Both surface energy and water balances are resolved over a grid mesh with varying topography, soil properties and vegetation coverage. Sub-grid heterogeneity (e.g., elevation, land cover) is handled via statistical distributions. The model inputs include land-cover distribution, soil information and meteorological forcing data. The model can be run at global or regional scale by providing a wide variety of data sources such as global 15 or regional gridded meteorological dataset as well as GCM/RCM projections. Typically, the model runs at daily or sub-daily time step with a spatial resolution ranging from 1/24 o to 2 o . The model simulates key hydrologic processes and variables such as evapotranspiration, snow water equivalent, soil moisture and surface and subsurface runoff (baseflow). Runoff is computed through variable infiltration curve. Each of the individual cell runoff and baseflow are collected and routed separately by an offline routing scheme (Lohmann et al., 1998) . Parameterization and calibration within VIC is performed primarily through 20 adjustments of infiltration parameters, soil layer thickness and baseflow parameters. In recent years, the VIC model has been widely used in climate change and hydroclimate variability studies at different spatial scales (e.g., Christensen et al., 2004; Shukla and Wood, 2008; Maurer et al., 2009) . Detailed information about the VIC model can be found in Liang et al. (1994 Liang et al. ( , 1996 .
In this study, the VIC model was applied at daily time step and a spatial resolution of 0. Table 1 ). As the region of interest does not include large-scale basins, offline routing scheme was not applied in this study, as it would not affect the bulk results. Therefore, we sum daily surface runoff and baseflow from each grid cell together to 30 obtain total runoff (e.g., Shukla and Wood, 2008) . Shukla and Wood (2008) also noted that the summed runoff field differs from streamflow only at large spatial scales. Basin scale and temporarily averaged runoff fields are then used for further analysis.
As the detailed analysis of model validation against streamflow gauges in the basins was given by Demaria et al. (2013a) , we present runoff, snow cover and evapotranspiration comparisons in this study. The simulated runoff outputs were validated 5 Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -690, 2017 Manuscript under review for journal Hydrol. Earth Syst. Sci. As discussed before interannual precipitation variability in the region is largely controlled by ENSO (Ruttlant and Fuenzalida, 1991; Falvey and Garreaud, 2009 ) and consistently, observed runoff tends to increase during El-Niño years (e.g, 1972-1973, 1982-1983 and 1997-1998) and decrease in La-Niña years (e.g., 1973-1974, 1988-1989 and 1998-1999) . Overall, VIC-OBS reproduces highly correlated (r=0.8 to 0.9 for annual means) runoff values compared to the observation and it captures ENSO related interannual runoff variability reasonably well. It is also illustrated that VIC-OBS systematically underestimates low Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -690, 2017 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 13 January 2017 c Author(s) 2017. CC-BY 3.0 License. basins ( Fig. 4d, h ). Whereas, runoff is overestimated for the Maule basin in both VIC-OBS and VIC-CMIP5-HIST (Fig. 4f) . GLEAM have important uncertainties (Mueller et al., 2013) . Furthermore, large uncertainties in simulated evapotranspiration by land surface models have been reported in several studies (e.g., Dolman and De Jeu, 2010; Badgley et al., 2015; Garrigues et al., 2015) .
Hydroclimatic projections
In this section, changes in runoff, snow water equivalent (SWE), evapotranspiration (ET) and soil moisture (SM) are assessed 15 at annual, seasonal, monthly and daily time scales from the VIC-CMIP5-RCP8.5 simulations. SM is calculated by sum of SM in each three soil layers at 0.1, 0.9 and 1.7 m. Statistically significant differences were computed for each model using the Student's t-test with a 95% confidence level and the grids were hatched accordingly in the spatial map plots where most of the models (>50%) have statistically significant differences. Finally, we analyze daily runoff changes in terms of probability density function (PDF) and return periods in order to assess changes in hydroclimatic extremes. Temperature increases by the end of the century go from 2.6-3.2 o C near the coast, to up to more than 3.6 o C over the Andes, 30 again with a very sharp west-east gradient (Fig. 5b) .
Comparing the changes in maximum and minimum temperatures (Fig. 5b, c) , some differences are apparent. There is a clear west-east temperature increase in maximum temperatures, with larger maximum temperature increases over the Andes snowmelt and thus, larger water availability. Furthermore, disappearance of snow cover earlier in the year due to snowmelt leads to decrease in surface albedo in both winter and spring seasons (not shown), and hence, increase in surface net radiation.
Generally, as the surface net radiation has a very high correlation with ET (e.g., Arora, 2002; Wang et al., 2007; Adam et al., 2009 ), increased net radiation over the Andes due to reduced surface albedo would lead to a positive feedback on ET during winter and spring seasons. Towards the end of the year (late spring and summer) ∆P is the leading driver and therefore ET 5 decreases due to stronger water limited conditions. Therefore, the role of ∆ET is more important towards the end of the year, probably dampening the precipitation effect in runoff.
In terms of SM changes (∆θ), there is a pronounced decrease in SM towards the winter season. The decrease is more striking in Itata basin coherently to ∆P and ∆R. The ∆θ is relatively lower in Rapel basin towards the winter by following the less ∆P and ∆R in the same period. Although ∆P is very low in the late spring in Rapel basin, ∆θ indicates similar amount 10 of decrease in the late spring compared to that in winter. It could be argued that temperature-driven snow-melting, and thus, significant reduction in snowpack and runoff leads to a secondary decrease in SM in Rapel basin towards late spring.
The impact of SM changes on climate is strongest in transitional regions between dry and wet climates (Seneviratne et al., 2010) and several studies have highlighted the important role of SM reduction in altering land-atmosphere feedbacks (e.g., Diffenbaugh et al., 2007; Alexander, 2011) . Therefore, one can expect that projected dry soil condition in CC could lead to 15 intensification of positive SM-atmosphere feedbacks, and a strengthened future warming-related extremes such as droughts and wildfires.
Changes in runoff extremes
In this subsection, we present daily runoff changes in terms of PDFs and return periods in order to illustrate changes in hydroclimatic extremes. Fig. 11 shows the PDFs of maximum daily runoff for each basin from the ensemble mean of VIC-20 CMIP5 simulations for the reference period and future periods. The PDFs of the reference period indicate that the mean and variance of maximum daily runoff increases from north to south (Rapel to Itata basin). For instance, the Rapel basin has the lowest mean value of maximum daily runoff (55.2 mm/day) and has relatively low variance (Fig. 11a) . The PDFs of future periods for Rapel and Mataquito basins show that there is an increasing variance especially for the mid-century and end of the century, which indicates a slight increase in the likelihood of flood events. Maule and Itata basins feature more increase 25 in variance and mean values contributing to much higher likelihood of flood events for each future period (Fig. 11c, d ). It is also important to note that the increasing probability of very low maximum runoff in each basin, indicates a higher likelihood of longer period of low flows contributing to the increase in frequency and severity of drought conditions. Much of the increase in the likelihood of higher maximum runoff is mainly caused by changes in the high elevation areas (>1000m), i.e. the Cordillera (not shown).
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Finally we calculated return periods of annual maximum runoff events for each basin from the ensemble mean VIC-CMIP5-HIST and VIC-CMIP5-RCP8.5 simulations for the reference period and the three future periods (see Fig. S6 runoff in each of 30 years for the reference and future periods. By using the maximum daily runoff time series, we then did a fit to the generalized extreme value (GEV) distribution function based on the extreme value theory (EVT). A more detailed description of the method can be found in Gilleland and Katz (2015) .
30-year ensemble mean of VIC-CMIP5-HIST simulations for the reference period return level values show that the Maule basin has the greatest maximum runoff with 2, 10 and 50-years return periods (125 mm/day, 147 mm/day and 161 mm/day, 5 respectively) while the Rapel basin has the lowest values (55 mm/day, 69 mm/day and 78 mm/day, respectively, see Table 2 ).
When comparing the projected return period changes with respect to 1976-2005 reference period, there is an upward shift in the maximum runoff return periods, which are more pronounced in the higher recurrence intervals (see Fig. S6 ). Moreover, the decrease (increase) in return periods (values) of maximum runoff is more remarkable by mid and end of the century, highlighting the likelihood of more frequent flood events. For instance, by mid-century, 10-year maximum runoff values will 10 be greater than the current 50-year maximum runoff values in all basins (see Table 2 ). Higher likelihood of high-flow magnitude might be related with earlier snowmelt and soil moisture content (Demaria et al., 2013b) . Indeed, more snowpack melting in winter time in the Andes leads to increase in SM content of near-surface soil layers (up to 0.1 m, not shown), and hence, can trigger downslope runoff by impeding infiltration. It should also be noted that higher recurrence intervals (e.g., 50-yr) tend to have larger uncertainties especially for the Rapel and Itata basins by mid-century and by the end of the century. For small 15 return periods (e.g., 2-yr), the ensemble mean VIC-CMIP5-RCP8.5 simulations indicate small changes in the maximum runoff values in the future periods, even slight decrease in the magnitude of maximum runoff for each basin by the end of the century.
Summary and discussion
We assess the impact of projected changes in temperature and precipitation under the RCP8. 
25
-CC is projected to become warmer and drier under RCP8.5 scenario. The ensemble mean VIC-CMIP5-RCP8.5 simulations foresee that precipitation will decrease by 30% in the basins by the end of the century, whereas runoff is projected to decrease around 40%. Minimum and maximum temperature are projected to increase up to 3 o C and 4 o C, respectively, with largest warming over of Andes.
-The projected precipitation decreases increase the probability of having extended droughts, such as the recently experi-30 enced mega-drought (2010) (2011) (2012) (2013) (2014) (2015) , to up to 5 events every 100 year.
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-Warming is associated with temporal shifts in peak flow and losses of snowpack. Results indicate temporal shifts to earlier dates (3-6 weeks) in the peak timing, except in the Itata basin. The most significant shift to earlier dates in the center time takes place in the Mataquito basin with a value of 6 weeks (11 th October to 27 th August). The Andes snowpack is projected to be less than half of the reference period already by mid-century. Similar results are reported for other semi-arid basins of the Andes in Chile (e.g., Vicuña et al., 2011; Demaria et al., 2013b) .
5
-Changes in the annual cycle of water balance components indicate that runoff change follows the changes in precipitation across the year due to a weak ET change. The role of ET change is more important towards the end of the year and mainly depends on water and SM availability. Reduced surface albedo and its positive feedback onto ET in the Andes also leads to increase in water limited conditions in late spring and summer.
-The probability density functions (PDFs) of annual maximum daily runoff for each basin indicate an increase in the 10 likelihood of daily maximum runoff values, and hence, floods, which is more pronounced for the Maule and Itata basins by mid and end of the century, i.e. for the more rainfed basins of the four basins considered.
-Increased probability of very low maximum runoff in each basin, indicates a higher likelihood of longer period of low flows contributing to the increase in frequency and severity of drought conditions.
-The estimated return periods of annual maximum total runoff events indicate a decrease (increase) in return periods 15 (values). For instance, by mid-century, 10-year maximum runoff values will be greater than the current 50-year maximum runoff values in each basin. Higher likelihood of high-flow magnitude might be related with earlier snowmelt.
Starting from 2010, CC has already been facing a precipitation deficit of approximately 30% together with a clear warming trend in the Andes cordillera in this region, exacerbating the water deficit (CR2, 2015) . Beside this, Boisier et al. (2016) showed that natural climate variability (i.e., sea surface temperature variability and associated internal atmospheric variability) plays an 20 important role in explaining the amplitude of the current drought. Our projection results highlight that increasing temperature and decreased precipitation is highly likely to continue and strongly impact the future hydroclimatic conditions of CC and hence to aggravate water and drought stress. For instance, temporal change in peak flows and earlier snowmelt will have implications for water resource management. Barnett et al. (2005) highlighted that without adequate water storage capacity, much of the winter runoff will immediately be lost to the oceans in snowmelt-dominated regions, that will lead to regional water shortages.
25
This alteration of the hydrological cycle in CC will lead to a serious reduction in dry-season water. This is specially true for the three further northern basin of our study region. In addition to excessive water withdrawals, changing hydroclimatic conditions may further exacerbate the consequences of future droughts. For instance, the robust decrease in runoff and SM will not only result in meteorological drought but also in hydrological drought, as well as agricultural drought. The combination of these different drought types will have the potential to negatively affect agricultural activities. Meza et al. (2012) provide an example 30 of irrigation demands of agriculture activities for another basin of CC, finding that water demand from irrigated agriculture tends to increase as a consequence of projected precipitation and temperature changes, which might lead to oversubscription 
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